Autophagy is a catabolic pathway that helps cells to survive under stressful conditions. Cells also use autophagy to clear microbiological infections, but microbes have learned how to manipulate the autophagic pathway for their own benefit. The experimental evidence obtained in this study suggests that the autophagic flux is blocked at the final steps during the reactivation of Epstein-Barr virus (EBV) from latency. This is indicated by the level of the lipidated form of LC3 that does not increase in the presence of bafilomycin and by the lack of colocalization of autophagosomes with lysosomes, which correlates with reduced Rab7 expression. Since the inhibition of the early phases of autophagy impaired EBV replication and viral particles were observed in autophagic vesicles in the cytoplasm of producing cells, we suggest that EBV exploits the autophagic machinery for its transportation in order to enhance viral production. The autophagic block was not mediated by ZEBRA, an immediate-early EBV lytic gene, whose transfection in Ramos, Akata, and 293 cells promoted a complete autophagic flux. The block occurred only when the complete set of EBV lytic genes was expressed. We suggest that the inhibition of the early autophagic steps or finding strategies to overcome the autophagic block, allowing viral degradation into the lysosomes, can be exploited to manipulate EBV replication.
H
erpesviruses are able to switch from latent to lytic phase, either spontaneously or upon stimulation with chemicals acting on different target molecules (1) . Epstein-Barr virus (EBV) belongs to the gammaherpesvirus family and infects mainly human B lymphocytes and epithelial cells. EBV is associated with some non-Hodgkin's B cell lymphomas, such as Burkitt's lymphoma, where the majority of the cells harbor a latent infection. Depending on the cell types, several inducers can disrupt latency and activate the EBV lytic program in vitro (2) (3) (4) (5) . In B95-8, a marmoset B lymphoblastoid cell line, the EBV lytic cycle can be efficiently induced by the protein kinase C (PKC) activator 12-Otetradecanoylphorbol-13-acetate (TPA) alone or in combination with sodium butyrate (the combination is referred to as T/B), a procedure usually utilized in vitro to produce infectious virus. More recently, several other molecules, such as bortezomib (BZ) and thapsigargin (TG), have been reported to induce the EBV lytic cycle in Burkitt cell lines (6) . X-box-binding protein 1 (XPB1 form), activated during the unfolded protein response (UPR), also has been shown to induce the switch from latent to lytic cycle by triggering the immediate-early transactivator proteins ZTA and RTA (7) . These proteins can, in turn, activate the entire set of EBV lytic gene promoters, controlling the switch from latency to lytic replication (8) . The UPR activation by the endoplasmic reticulum (ER) stressor TG can trigger EBV viral replication in B lymphoblastoid cells (LCL) as well (9) . TG is known to activate autophagy, as a prosurvival mechanism, during ER stress (10) . However, the impact of autophagy on the reactivation of EBV from latency has not been investigated yet. Autophagy, a cellular process aimed at the degradation and recycling of long-lived proteins and damaged organelles (11, 12) , also serves for the degradation and clearance of intracellular pathogens (13) . However, microorganisms can subvert this process in a way that turns out to be beneficial for their own survival (14) . The autophagic pathway can be induced or blocked at different steps by viruses, depending on the phase of their life cycle and on the host cell types. For example, autophagy is enhanced during Kaposi' sarcoma-associated herpesvirus (KSHV) replication (15) , allowing the virus to benefit from the autophagic vesicles, termed autophagosomes, for its transportation into the cell cytoplasm. In particular, the KSHV immediate-early gene ORF50, expressed during KSHV replication, is responsible for autophagy induction. On the other hand, KSHV, during its latent infection, blocks autophagy in dendritic cells to escape from their immune control (16, 17) . It also has been reported that the KSHV-encoded protein vFLIP induces an autophagic block in NIH 3T3 cells as well as in the naturally KSHVinfected BCBL1 cells (18) . Other herpesviruses, such as herpes simplex virus type 1 (HSV1), also block autophagy to induce neurovirulence (19) , and viruses belonging to other families, e.g., hep-atitis B virus (20) or hepatitis C virus, activate an incomplete autophagy to enhance their replication (21) (22) (23) or block autophagy in cells of the immune system (24) . Regarding EBV, it is known that it manipulates autophagy to avoid immune control, as reported for other herpesviruses (25) , but whether autophagy is involved in EBV replication has not been investigated yet. In this study, we found that autophagy is activated and plays an important role during the reactivation of EBV from latency in several cell types, such as B95-8, Akata, LCL, and 293/EBV cells, in which the lytic cycle can be induced by ZEBRA transfection. In particular, we found that the early autophagic phases promoted EBV lytic gene expression and viral production and that the autophagic flux was blocked at the late steps. This strategy likely allows the virus to prevent the degradative phases of autophagy that could lead to viral degradation.
The EBV latent-lytic switch can occur in vitro and in vivo, although the cellular events leading to the onset of lytic replication in vivo and how it is regulated remain mostly unknown. Discovering strategies that allow for the manipulation of the transition between the latent and lytic cycle could have translational implications in the treatment of EBV-associated diseases.
MATERIALS AND METHODS
Cells. B95-8 (marmoset B cell line, EBV infected) (26) , Raji (EBV-positive cell line derived from Burkitt's lymphoma harboring a defective viral genome), Akata (EBV-positive cell line derived from a Burkitt's lymphoma) (27) , LCL (EBV-positive lymphoblastoid cell line), 293 (a human embryonic epithelial kidney cell line) (28) , Ramos (EBV-negative cell line derived from Burkitt's lymphoma) (ATCC), and 2A8 (EBV-negative Akata cell line) were cultured in RPMI 1640 -10% fetal calf serum (FCS) (Euroclone), glutamine (2 mM), streptomycin (100 g/ml), and penicillin (100 U/ml) in 5% CO 2 at 37°C. 293/EBV, a cell line in which recombinant EBV-B95-8 genomes were stably transfected into 293 cells (kindly provided by H. J. Delecluse) (29) cultured under the same conditions, also were used.
Cell treatments. To activate the EBV lytic cycle in B95-8 cells, we used the following chemical drugs: 12-tetradecanoylphorbol 13-acetate (TPA) (20 ng/ml) (P1585; Sigma-Aldrich), sodium butyrate (3 mM) (B5887; Sigma-Aldrich), bortezomib (BZ) (20 nM; Velcade), and thapsigargin (TG) (5 M) (T9033; Sigma-Aldrich). To induce viral production, Akata cells were treated with goat affinity-purified F(ab=) 2 fragment to human IgG (50 g/ml) (56961; Millipore) (30) , and LCL from a B-lymphoblastoid cell line were treated with TG (5 M) (T9033; Sigma-Aldrich). Finally, the lytic cycle was induced in the 293/EBV cell line by transient transfection with p509 plasmid (kindly provided by H. J. Delecluse), which encodes Zebra protein, for 96 h. To evaluate the impact of the autophagy pathway on EBV replication, cells were pretreated with 3-methyladenine (3-MA) (sc-205596; Santa Cruz Biotechnology) at the indicated concentrations for 30 min or with bafilomycin A1 (BAF) (20 nM) (sc-201550; Santa Cruz Biotechnology) and added to the cell culture for the last 3 h. In order to activate autophagy, B95-8 cells were transfected with pDest-mCherry-EGFP-LC3B plasmid for 48 h and then starved by incubation in Hanks balanced salt solution (HBSS) medium (E6267; Sigma-Aldrich) for 2 h (31). Finally, to inhibit EBV DNA synthesis and late gene expression, B95-8 cells were treated with 1.6 mM phosphonoacetic acid (PAA) (P6909; Sigma-Aldrich) and T/B for 48 h.
Western blot analyses. Cells (5 ϫ 10 5 ) were washed twice with phosphate-buffered saline (PBS) solution and centrifuged at 1,500 rpm for 5 min. The pellet was lysed in a radioimmunoprecipitation assay (RIPA) buffer containing 150 mM NaCl, 1% NP-40, 50 mM Tris-HCl (pH 8), treatments. ZEBRA and LC3 I/II expression was evaluated after 24 h by Western blot analysis. As control, Ramos and 2A8 EBV-negative cell lines were treated with the same agents used to induce the lytic cycle in B95-8 and Akata cells, respectively. GAPDH was used as a loading control, and a representative experiment out of four is shown. The densitometric analysis of the ZEBRA/GAPDH and LC3II/GAPDH ratios also is reported. 0.5% deoxycholic acid, 0.1% SDS, protease, and phosphatase inhibitors. The lysates then were subjected to electrophoresis on 4 to 12% NuPage Bis-Tris gels (N00322BOX; Life Technologies) or 3 to 8% gels (EA0375BOX; Life Technologies) to investigate gp350/220 protein expression according to the manufacturer's instructions. To evaluate the lipidated forms of LC3 (LC3II), the cell lysates were denatured in Laemmli buffer for 5 min at 100°C and run on a 15% gel (30% acrylamide-Bis solution; 29:1) (161-015; Bio-Rad) in Tris-glycine-SDS buffer. The gels then were transferred to Protran nitrocellulose membranes (10401196; GE Healthcare) for 2 h in Tris-glycine and overnight (for gp350/220) in Tris-glycine-methanol buffer. The membranes were blocked in PBS-0.1% Tween 20 solution containing 3% bovine serum albumin (BSA), probed with specific antibodies, and developed using ECL blotting substrate (K-12045-D20; Advansta).
Antibodies. For Western blot analysis, the following primary antibodies were used: mouse monoclonal ZEBRA (1:100) (sc-53904; Santa Cruz Biotechnology), gp350/220 (1:500) (ATCC 72/A1), BMRF1 (EA-D) (1: 1,000) (MAB 8186; Millipore), rabbit polyclonal anti-LC3 (1:1,000) (NB100-2220; Novus Biologicals), mouse monoclonal anti-p62 (1:1,000) (610833; BD Transduction Laboratories), rabbit polyclonal anti-ATG5 (1:1,000) (NB110-53818; Novus Biologicals), and rabbit polyclonal antiRab7 (sc-10767; Santa Cruz Biotechnology). A monoclonal mouse anti-␣-tubulin (1:1,000) (T5168; Sigma-Aldrich) or anti-GAPDH (1:1,000) (sc-137179; Santa Cruz Biotechnology) antibody was used as a marker of equal loading. Goat polyclonal anti-mouse IgG-horseradish peroxidase (HRP) (sc-2005; Santa Cruz Biotechnology) and anti-rabbit IgG-HRP (sc-2004; Santa Cruz Biotechnology) were used as secondary antibodies. All of the primary and secondary antibodies used in this study were diluted in a PBS-0.1% Tween 20 solution containing 3% BSA.
Electron microscopy (EM) analysis. B95-8 cells were treated with TPA (20 ng/ml) and sodium butyrate (3 mM) for 24 h. Subsequently, cells were fixed in 2% glutaraldehyde in PBS for 24 h at 4°C, postfixed in 1% OsO 4 for 2 h, and stained for 1 h in 1% aqueous uranyl-acetate. The samples then were dehydrated in acetone and embedded in Epon-812 (Electron Microscopy Science, Società Italiana Chimici). One-micronthick sections were cut, stained with 1% methylene blue, and viewed by light microscopy to select representative areas. Ultrathin sections were cut with a Reichert ultramicrotome, counterstained with uranyl-acetate and lead citrate, and examined with a Philips CM10 transmission electron microscope (FEI, Eindhoven, The Netherlands).
Transfection and plasmids. 293 and 293/EBV cell lines were transiently transfected with an empty vector (EV) or with p509 plasmid that contains the BZLF1 gene (pBZLF1) (kindly provided by H. J. Delecluse). Briefly, cells (5 ϫ 10 5 ) were seeded on 6-well plates in complete medium without antibiotics for 16 h. The following day, the cells were transfected with the liposome Metafectene (T020; Biontex) using a lipid/DNA ratio of 3 l to 1 g. The plasmid DNA (0.5 g each well) and the liposome were The densitometric analysis of the ZEBRA/GAPDH, ATG5/GAPDH, and Beclin/GAPDH ratios and the mean percentages Ϯ SD of ZEBRA reduction from three different siRNA experiments also is reported. diluted into two solutions of medium without serum and antibiotics; the mixture was incubated for 20 min and then was added to cells for 48 h.
Ramos and Akata cells were transfected by electroporation with a Gene Pulser (Bio-Rad). A total of 3 ϫ 10 6 log-phase cells were resuspended in 0.3 ml of Opti-MEM medium (31985062; Life Technologies) with 3 g of EV or p509 plasmid in an electroporation cuvette (4-mm gap width) (FL9554000; M-Medical). Subsequently, it was given as a single pulse (250 V, 960 F) to the cells, and complete medium was added for 48 h. To control the transfection efficiency, we used a pEGFP-C1 plasmid that expresses green fluorescent protein (GFP) and a fluorescence microscope.
We also performed a transient transfection of pEGFP-LC3 (kindly provided by G. M. Fimia) (32) or pDest-mCherry-EGFP-LC3B (31) in B95-8 cells. Cells (5 ϫ 10 5 ) were seeded into 6-well plates and then transfected with 5 g of plasmid DNA/well with Lipofectamine 2000 according to the manufacturer's instructions. After 48 h, the cells were treated with TPA (20 ng/ml) and sodium butyrate (3 mM) for 24 h. The LC3 dots were visualized by an Apotome Axio Observer Z1 inverted microscope (Zeiss) equipped with an AxioCam MRM Rev.3 at ϫ40 magnification.
Knockdown of ATG5 and Beclin by siRNA. The knockdown of ATG5 or Beclin was performed in B95-8 and Akata cells using specific small interfering RNA (sc-41445 and sc-29797, respectively; Santa Cruz Biotechnology). The day before transfection, 3 ϫ 10 5 cells were seeded in Virus production. To investigate whether autophagy inhibition affected EBV production, 293/EBV cells were pretreated with 3-MA (10 mM), a drug that inhibits autophagy at early steps, for 30 min, or a Beclin knockdown was performed for 72 h before ZEBRA transfection. Viral supernatants were harvested, filtered (0.45-m-pore-size filters), and centrifuged at 29,000 rpm for 2 h. The viral pellets were resuspended in RPMI medium. Functional virus titers were determined via GFP expression. A total of 10 4 Raji cells were infected into 96-wells plates with a serial dilution of virus stocked 100ϫ and scored for GFP expression after 3 days by UV microscopy. The number of green Raji units per milliliter was calculated as a measurement of the concentration of infectious particles in virus stocks (33) . Three different infection experiments were performed.
Immunofluorescence. The EBV lytic cycle was induced in B95-8 cells as previously described and then left untreated or pretreated with 3-MA or PAA or silenced for ATG5. The cells then were harvested, washed twice in PBS, and seeded on glass slides and air dried. Cells then were permeabilized and fixed in acetone-methanol (1:1) (ZEBRA) or acetone (gp350/ 220) at Ϫ20°C for 10 min and incubated with mouse monoclonal anti-ZEBRA (1:100 in PBS) or anti-gp350/220 (1:100 in PBS) antibody for 1 h. They then were washed three times in PBS and incubated with polyclonal goat anti-mouse Texas red-conjugated antibody (Jackson) (1:50 in PBS) for 30 min or with Alexa Fluor 350 goat anti-mouse (A11045; Life Technologies) (gp350/220). Finally, after several washings, cells were incubated with 1 g/ml of 4=,6=-diamidino-2-phenylindole (DAPI) to visualize the nuclei, and the coverslips were mounted face down using a PBS-glycerol (1:1) solution. The immunofluorescence was analyzed using an Apotome Axio Observer Z1 inverted microscope (Zeiss) equipped with an AxioCam MRM Rev.3 at ϫ40 magnification.
LysoTracker red staining. B95-8 cells transfected with pEGFP-LC3 were treated with TPA (20 ng/ml) and sodium butyrate (3 mM) for 24 h, washed in PBS solution, and incubated with LysoTracker red DND-99 (100 nM) (L7528; Life Technologies), a fluorescent acidotropic probe with high selectivity for acidic organelles, for 30 min at room temperature (10) . After several washings with PBS solution, the lysosomes were analyzed using an Apotome Axio Observer Z1 inverted microscope (Zeiss) equipped with an AxioCam MRM Rev.3 at ϫ40 magnification.
RESULTS
EBV lytic cycle inducers affect the autophagic pathway concomitantly with viral replication. B95-8 cells were induced into the lytic cycle by several chemicals able to reactivate EBV from latency: tumor promoter phorbol ester (TPA) alone or in combination with sodium butyrate (T/B), bortezomib (BZ), and thapsigargin (TG). As shown in Fig. 1A , TPA, T/B, TG, and, to a lesser extent, BZ were able to induce the expression of the EBV immediate-early lytic protein ZEBRA after 24 h of treatment. We then investigated whether these lytic cycle activators had an impact on autophagy. To this aim, the expression level of the lipidated form of LC3 (LC3II), which is a marker of autophagy, was evaluated by Western blot analysis. As shown in Fig. 1A , all of these drugs, although acting on different cellular targets, induced LC3II accumulation concomitantly with the activation of the complete EBV lytic program in B95-8 cells, including the EBV late lytic gp350/ 220 protein (data not shown).
The study then was extended to Akata, a Burkitt lymphoma cell line latently infected with EBV, in which the replicative cycle can be induced by surface Ig cross-linking. We found that, concomitant with the expression of ZEBRA, the appearance of LC3II also was detected in these cells (Fig. 1B) , and the same results were obtained in LCL in which the lytic cycle was activated by treatment with TG (Fig. 1B) . Finally, as controls, the EBV-negative Burkitt's lymphoma cell lines Ramos and 2A8 were subjected to the same treatments used to induce the EBV lytic cycle in B95-8 and Akata cells, respectively. The results shown in Fig. 1C indicate that all of the treatments were able to induce LC3II accumulation in Ramos cells even in the absence of EBV lytic cycle induction. Unlike Akata cells, the Ig cross-linking reduced the LC3II level in the EBVnegative 2A8 cells (Fig. 1D) .
Altogether, these results indicate that EBV lytic cycle inducers affect the autophagic pathway in the EBV-producing cells, and most of them also do this in EBV-negative Burkitt lymphoma cells. The inhibition of the early autophagic steps reduces EBV lytic gene expression and viral production. To investigate the role of autophagy on EBV lytic cycle activation, we performed siRNA knockdown of ATG5, a molecule that mediates the lipidation of LC3 and is critical for the formation or elongation of autophagosomes. ATG5 knockdown before T/B exposure or surface Ig cross-linking in B95-8 and Akata cells, respectively, strongly reduced ZEBRA expression ( Fig. 2A and C) , indicating that autophagy plays a positive role in the EBV replicative cycle. To further demonstrate the importance of the autophagic process in the EBV lytic cycle, we knocked down Beclin (BECN), another essential autophagic gene. As for ATG5, we found a reduction of ZEBRA expression in B95-8 cells knocking down the Beclin gene (Fig. 2B) . Mean (Ϯ standard deviations [SD]) ZEBRA expression from three different ATG5 or Beclin siRNA experiments is shown (Fig. 2D) .
The involvement of autophagy in the EBV lytic cycle was fur- after 48 h, LC3I/II and ZEBRA or LC3I/II and BMRF1 were evaluated in the presence or absence of BAF. p62 (B) and Rab7 (C) expression was analyzed in 293 and 293/EBV cells transfected with ZEBRA. GAPDH was used as a loading control, and a representative experiment out of three is shown. The densitometric analysis of the LC3II/GAPDH, p62/GAPDH, and Rab7/GAPDH ratios also is reported. ther demonstrated by immunofluorescence assay (IFA) in B95-8 cells knocked down for ATG5 before T/B exposure. In agreement with the experiments reported above, autophagy inhibition reduced the number of cells expressing the EBV immediate-early lytic protein ZEBRA (Fig. 3A) . Mean (Ϯ SD) percentages of ZEBRA-positive B95-8 cells with or without ATG5 siRNA were determined (Fig. 3B) . Similar results were obtained in Akata cells (data not shown). Finally, the importance of the first autophagic steps on EBV lytic cycle activation was confirmed by treating B95-8 or Akata cells, before lytic cycle induction, with 3-MA, an inhibitor of class III phosphatidylinositol-3=-kinase (PI3KC3), which is critical for initiating autophagy. Again, a reduction of ZEBRA expression was observed in both cell lines pretreated with 3-MA ( Fig. 4A and B) .
Whether autophagy inhibition would affect the production of infectious viral particles was evaluated next. 293/EBV cells were induced into the lytic cycle by ZEBRA transfection in the presence or absence of 3-MA. We first confirmed that BMRF1 lytic protein expression was reduced by 3-MA in 293/EBV cells (Fig. 4C) and then collected the cell supernatants, containing GFP-EBV particles, to infect Raji cells. The infection efficiency (or functional titers) was assessed by counting the GFP-positive cells in serial dilutions of the supernatants. 293/EBV supernatants from 3-MAtreated cells showed a reduction of functional titers compared to those of supernatants from untreated 293/EBV (Fig. 4D) . To exclude that 3-MA could affect the efficiency of ZEBRA transfection, we tested its expression in untreated or 3-MA-treated 293/EBV cells and found no differences in the presence of 3-MA (Fig. 4E) . Similar results, in terms of BMRF1 expression and Raji infection, were obtained by knocking down Beclin before ZEBRA transfection in 293/EBV cells ( Fig. 4F and G) . These data suggest that autophagy is essential for the production of infectious EBV particles.
An autophagic block occurs in cells undergoing the EBV lytic cycle. To determine whether the autophagic process, active during EBV replication, would lead to a complete autophagic flux, we examined the expression level of LC3II in the presence or in the absence of bafilomycin (BAF) in B95-8 cells, Akata cells, and LCL. BAF is an inhibitor of the vacuolar proton pump (V-H ϩ -ATPase) that, by preventing the proper acidification of lysosomal compartments, hampers degradation of LC3II. This strategy allows us to distinguish if LC3II accumulation (seen in Fig. 1 ) was due to its increased formation or to its decreased degradation, with both events normally occurring during a complete autophagic process (34) . We found that LC3II levels did not increase in the presence of BAF in B95-8 cells, Akata cells, or LCL treated with T/B, Ig, or TG, respectively (Fig. 5A ), indicating that a block of the autophagic flux was occurring in these cells during EBV replication. BAF treatment slightly influenced the EBV lytic gene expression in B95-8 cells, Akata cells, and LCL (Fig. 5A, B , and C), supporting the idea that autophagy was blocked prior to autophagolysosome formation.
To investigate whether ZEBRA, the first protein expressed upon the activation of the EBV lytic cycle, was responsible for the block of the autophagic flux, we transfected a plasmid encoding BZLF1 into Ramos cells, an EBV-negative Burkitt's lymphoma cell line. Surprisingly, ZEBRA transfection in Ramos cells promoted a complete autophagic flux, indicated by the increase of LC3II in the presence of BAF (Fig. 5D ). To further clarify the effect of ZEBRA, we transfected it into Akata cells, a Burkitt's lymphoma cell line harboring the complete EBV genome in a latent state. We found that ZEBRA induced a complete autophagic flux in these cells concomitant with the lack of EBV lytic cycle activation (Fig. 5E ). The effect of the EBV early lytic proteins, typically expressed in Raji cells upon T/B treatment, on autophagy was evaluated next. Since a complete autophagic flux was observed in these cells expressing BMRF1 in the absence of EBV late gene expression (Fig.  5F ), we suggest that the block of autophagy occurs only when the complete EBV lytic program is activated. In addition, the T/B treatment of EBV-negative Burkitt lymphoma Ramos cells (Fig.  5G) , as well as B95-8 cells, treated with phosphonoacetic acid (PAA) to prevent EBV replication (Fig. 5I) led to a complete autophagic flux (Fig. 5H) .
Finally, we transfected ZEBRA in 293 and 293/EBV cells to better distinguish between the effect on autophagy mediated by ZEBRA per se (in 293) from the effect mediated by the complete set of EBV lytic genes activated by ZEBRA (in 293/EBV). In agreement with the results obtained in EBV-negative Burkitt's lymphoma cells, we found that ZEBRA transfection in 293 cells induced a complete autophagic flux, indicated by the LC3II increase in combination with BAF (Fig. 6A) . In addition, Zebra transfection in these cells promoted the degradation of p62 (Fig. 6B) , a protein specifically degraded through autophagy, commonly used to monitor the outcome of the process. On the other hand, when ZEBRA was transfected in 293/EBV cells concomitantly with the EBV lytic cycle activation, it blocked the autophagic flux in terms of LC3II and p62 levels compared to the same cells transfected with empty vector in which a complete autophagic process was induced ( Fig. 6A and B) .
Since Rab7 plays a fundamental role for complete autophagic was downregulated concomitantly with the activation of the complete EBV lytic program (Fig. 6A) . Rab7 reduction could represent one of the underlying mechanisms leading to the autophagic block observed during EBV replication. Together, these data indicate that the same treatments that induce a complete autophagic flux in cells in which the EBV lytic program is not complete block autophagy at the final steps in cells undergoing EBV replication. Through this strategy, EBV avoids lysosomal degradation and may use the autophagic vesicles to travel in the cell cytoplasm, redirecting them toward the plasma membrane.
EBV impairs fusion of autophagosomes with lysosomes during replication and travels in the autophagic vesicles. We analyzed the autophagosome and lysosome localization in B95-8 cells induced into the EBV lytic cycle. We transfected the pDestmCherry-EGFP-LC3B plasmid into the cells before T/B treatment. The LC3 puncta, indicating autophagosomes arising during autophagy induction, change their color depending on the pH. They appear yellow when both green and red colors are expressed, while, when autophagosomes fuse with lysosomes, the GFP color is shut down and autophagolysosomes become red. As shown in Fig. 7A , B95-8 cells induced into the lytic cycle with T/B contained yellow puncta, indicating that no fusion between autophagosomes and lysosomes was occurring. Conversely, when autophagy was induced by nutrient starvation, red puncta, due to autophagolysosome formation, could be observed in the same cells, indicating a complete autophagic flux (Fig. 7B) . To further investigate autophagosome and lysosome localization, B95-8 cells were transfected with GFP-LC3 plasmid, and the lysosomal compartment was stained with LysoTracker red. As shown in Fig. 8 , most of the GFP-LC3 puncta (indicating autophagosomes) did not colocalize with lysosomes (stained in red) in the EBV-producing cells identified by a monoclonal antibody against the membrane antigen gp350/220 (blue staining). Together, these results suggest that the fusion between autophagosomes and lysosomes was impaired during EBV replication. Finally, we investigated if the subversion of autophagy would be a strategy utilized by the virus to hijack the autophagic vesicles for its transportation into the cell cytoplasm. To this aim, we performed electron microscopy analysis in B95-8 cells induced into the lytic cycle with T/B and found that viral particles could be seen in double membrane autophagic vesicles at different stages of maturation (36) in the producing cells (Fig. 9A  and C to H) . The autophagic features were observed in the majority of the cells undergoing viral production, as quantified by analyzing 200 cells (Fig. 9B) . Moreover, about 40% of the viral particles were seen in the autophagic vesicles. Knocking down Beclin in B95-8 cells before exposure to T/B treatment strongly reduced the number of vesicles as well as the number of viral particles within them ( Fig. 9I and J) , confirming that they were autophagosomes.
Based on our results, we propose a model in which the activation of the complete EBV lytic program blocks autophagy, preventing the delivery of the autophagic vesicles that also may contain viral particles, to the lysosomes. Concomitantly, this strategy enables the virus to redirect the autophagic vesicles toward the plasma membrane and to use them for its transportation (Fig. 10) .
DISCUSSION
In this study, we show for the first time that early autophagic phases are involved in the EBV lytic replicative cycle, promoting EBV lytic gene expression and viral production. Conversely, the late autophagic steps do not seem to play an essential role in EBV replication, likely because autophagy is blocked prior to the fusion of the autophagosomes with lysosomes. We propose that through this strategy, EBV appropriates the autophagic vesicles for viral transportation into the cell cytoplasm and avoids viral degradation into the lysosomes. Since ZEBRA is the first EBV protein expressed during lytic cycle activation, we first investigated if it could be responsible for the autophagic block. In agreement with previous results obtained for the KSHV immediate-early gene ORF50 (15), we found that ZEBRA expression per se induced a complete autophagic flux when transfected in Ramos, Akata, or 293 cells, suggesting that the autophagic block did not depend on its expression. The abortive EBV lytic cycle induction in Raji cells by T/B, as well as the concomitant treatment of B95-8 cells with PAA and T/B, also led to complete autophagy. Conversely, a block of autophagy occurred when the complete set of EBV lytic genes was expressed and viral replication was activated in B95-8 cells, Akata cells, LCL, and 293/EBV cells. Of note, 293 and 293/EBV cells were particularly helpful to distinguish the effect on autophagy mediated by ZEBRA per se from the effect mediated by the other EBV lytic genes in the same cell context. It is possible that ZEBRA promotes a complete autophagic flux to degrade transcriptional repressors that hamper EBV lytic replication (37) , but further studies will be necessary to address this possibility. Based on our results, we suggest that a possible mechanism underlying the autophagic block observed in cells undergoing EBV replication is the downregulation of Rab7. This protein is essential for the autophagosome maturation (35) and for complete autophagic flux, as demonstrated in a previous study (38) . Moreover, Rab7 is involved in lysosome biogenesis (39) , and its downregulation could further impair lysosomal degradation by reducing the number of lysosomes. Understanding the relationship between autophagy and viruses could help to find new strategies to control viral infection/replication through autophagy manipulation. From several reports in this field, it has emerged that viruses block autophagy in the immune cells to avoid their degradation (xenophagy) and to interfere with viral antigen presentation (16, 40, 41) . The autophagic block mediated by the virus can occur at different levels of the autophagic pathway, from autophagosome formation to lysosome degradation. It seems to be dependent on the virus, on the phases of its life cycle, and on host cell type. Regarding the relationship between autophagy and viral replication, it has been demonstrated that several viruses, such as HCV (42) and HBV, stimulate an incomplete autophagy (43) and that autophagy is involved in KSHV replication (15) . However, a KSHV protein, K7, expressed during its lytic phase, is able to block the autophagic process (44) . Regarding EBV proteins, it is known that the latent membrane protein 1 (LMP1) regulates autophagy to control its own degradation (45) . The results obtained in this study suggest that the autophagy is subverted during the activation of the EBV lytic program, enhancing viral replication and allowing the virus to skip its degradation into the lysosomes.
EBV usually is latent in the majority of the cells that harbor the infection both in vitro and in vivo. Reactivation from latency can be induced in vitro through different stimuli, but how it is regulated in vivo is not completely known. The latent to lytic switch represents a double-edged sword: on the one hand it leads to viral spread and new infections, while on the other hand it is accompanied by the lysis of the productive cells and gives the possibility of treating the infected cells with antiviral agents. In conclusion, we suggest that autophagy manipulation during EBV lytic cycle activation could allow cells to reduce viral production and to benefit from the viral lytic phase activation to successfully utilize antiviral drugs. A better understanding of the mechanisms that regulate the interplay between these two events could help to improve the treatment of EBV-associated diseases.
